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Abstract 
Thermal response tests (TRTs) are essential for reliable and accurate design of ground source heat pumps. The approximated 
infinite line source (ILS) model is widely used to interpret TRTs because of its simplicity. However, in actual field conditions, 
the constant heat flux assumption of the ILS model is violated in most cases because the above-ground hydraulic circuit, which 
connects the borehole heat exchanger (BHE) and the TRT rig, is exposed to the outdoor environment. This results in 
perturbations in the temperature response, occasioned by heat exchange between the circulating fluid and the outdoor 
environment. This disturbance causes fluctuations in sequential estimation and consequent estimation errors in TRTs. As a first 
step in investigation of the estimation error in TRTs, this paper reports on the development of an analytical model that considers 
the heat exchange in the hydraulic circuit connecting the BHE to the TRT rig, and its incorporation into the numerical BHE 
model. The results of comparison of the integrated numerical BHE model against actual experimental in situ TRT data show very 
good agreement, with maximum difference and maximum relative error of approximately 0.2 K and less than 0.8%, respectively. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction
Thermal response tests (TRTs) are often conducted to obtain reliable design parameters for borehole heat
exchangers (BHEs). In contrast to well-controlled laboratory experiments, an in situ TRT setup is exposed to the 
outdoor environment. As a result, disturbance effects occur and are frequently incorporated into the test; therefore, 
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they should be appropriately considered. In inverse parameter estimation such as that carried out in a TRT, the 
estimated results cannot be considered reliable without an appropriate physical model that can consider disturbance 
effects. In particular, in cases where a TRT is being interpreted using analytical models that assume a constant heat 
rate from the heat source [1,2], the error may be extended because the heat rate has time-varying values. 
The estimation method based on the approximated infinite line source (ILS) model [1,2], which uses averaged 
heat rate, is one of the most frequently adopted methods for interpreting a TRT because of its simplicity and wide 
applicability. It is more attractive when the estimation is combined with the sequential plot method [3,4] because the 
estimating behavior and the convergence of the estimation can be known. However, it is vulnerable to disturbance 
effects because the constant heat rate assumption (boundary condition) in the ILS model is frequently violated by 
the heat exchange between the above-ground TRT circuit and the outdoor environment, in addition to voltage 
fluctuations from the power grid. Although many researchers have stated that this violation affects estimation 
reliability, systematic analysis of the effect of disturbance factors when interpreting a TRT using the ILS model is 
rarely conducted. 
As a first step in our overall objective to examine the applicability and limitation of interpretations conducted 
using the ILS model, which will be carried out in a subsequent study, we developed an analytical model that 
considers the heat exchange in the above-ground hydraulic circuit, and combined it with the numerical BHE model. 
This paper presents the developed model and validates it against actual experimental in situ TRT data.  
2. Derivation of the disturbance model
In general, the heat injection rate assumed to be constant in the analytical response models comprises the heat 
generated from heaters and the pump in the TRT rig, denoted ܳ௥௜௚. This value is considered to be the actual heat
injection rate, denoted ܳ஻ுா . However, in reality, this value is not constant because of voltage fluctuations from the
electric grid. ܳ஻ுா  is also affected by the heat transfer process that occurs in the hydraulic circuit that connects the
BHE to the TRT rig (Fig. 1(a)). The heat exchange between the circulating fluid and the outdoor environment is 
composed of conduction, convection, radiation, and evaporation. Among these factors, the evaporation process has 
very little effect if the hydraulic circuit is not wet. Consequently, ܳ஻ுா , can be written as
dist
BHE rig amb rad
Q
Q Q Q Q   (1) 
where, ܳ௔௠௕  is the heat exchange rate caused by conduction and convection, ܳ௥௔ௗ  is  the heat exchange rate caused
by radiation, and ܳௗ௜௦௧ is the total disturbance effect in the TRT setup. Assuming that the hydraulic circuit in the rig
is very short and the effect from the outdoor environment is negligible, then the heat generated from the heaters and 
pump is the only heat transferred to the circulating fluid. The hydraulic circuit that connects the ground loop with 
the TRT rig is not adiabatic. Thus, one can think of the four fluid temperature nodes (that is, the inlet and outlet of 
both the BHE and the TRT rig) as having different values. The length of the pipe from the BHE outlet to the inlet of 
the TRT rig, and that from the BHE inlet to the outlet of the TRT rig are assumed to be the same. A value one-half 
that of the pipe length is denoted L and a certain point on the pipe is denoted ݈ (Ͳ ൑ ݈ ൑ ܮ). l = 0 refers to the start 
location of the inflow and outflow circuit ൫ ௖ܶ௙ǡ௢௨௧ሺ݈ ൌ Ͳሻ ൌ ௙ܶǡ௢௨௧ǡ஻ுாǡ ௖ܶ௙ǡ௜௡ሺ݈ ൌ Ͳሻ ൌ ௖ܶ௙ǡ௜௡ǡ௥௜௚൯, and l = L refers
to the end location of the inflow and outflow circuit ൫ ௖ܶ௙ǡ௢௨௧ሺ݈ ൌ ܮሻ ൌ ௖ܶ௙ǡ௢௨௧ǡ௥௜௚ǡ ௖ܶ௙ǡ௜௡ሺ݈ ൌ ܮሻ ൌ ௖ܶ௙ǡ௜௡ǡ஻ுா൯ .
(Please note that the subscripts in and out are based on the inlet and outlet of the U-tube loop on the BHE. That is, 
the outflow from the BHE outlet to the TRT rig’s inlet is denoted by the subscript out, and the inflow from the TRT 
rig’s outlet to the BHE inlet is denoted by the subscript in.) The derivation of the disturbance model is for the 
estimation of the temperature of three nodes based on ௖ܶ௙ǡ௢௨௧ǡ஻ுா , which is already known. To combine the two heat
transfer components, ܳ௔௠௕  and ܳ௥௔ௗ , the sol-air temperature, ௦ܶ௢௟ǡ௔ , and the overall thermal resistance per unit
circuit length, ܴ௧௢௧, are introduced. ܴ௧௢௧ is the sum of four different resistances (the convective resistance of the
internal fluid, the conductive resistance of the pipe, and the conductive and combined radiative and convective 
resistances of the insulation) connected in series, as depicted in Fig. 1(b).
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Fig. 1. (a) Schematic of the above-ground TRT setting; (b) cross-section and thermal resistance, Rtot, of the hydraulic circuit. 
Under a quasi-steady state, the temperature change of the circulating fluid along the outflow circuit above the 
ground can be described by the following equations: 
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where, ߩ௖௙ܿ௖௙  is the volumetric heat capacity, ሶܸ௖௙ is the volumetric flow rate of the fluid,  ௔ܶ௠௕  is the ambient
temperature, ܨ௖௢௥ is the correction factor (0.65), ܽ௜௡௦ is the radiation absorptivity of the circuit’s surface (0.6), ܫ௦௢௟  is
the global irradiation, ݄௜ is the convective heat transfer coefficient of the pipe’s inner surface, ݄௢ is the total heat
transfer coefficient of the outdoor environment, ɉ  the thermal conductivity, ݎ௜ and ݎ௢ are, respectively, the inner
and outer radii, and subscripts p and ins are the pipe and insulation, respectively. 
To derive the solution, Eq. (2) is integrated over the interval [0, L]. Because ௖ܶ௙ǡ௢௨௧ሺ݈ ൌ Ͳǡ ݐሻ ൌ ௖ܶ௙ǡ௢௨௧ǡ஻ுாሺݐሻ
and ௖ܶ௙ǡ௢௨௧ሺ݈ ൌ ܮǡ ݐሻ ൌ ௖ܶ௙ǡ௢௨௧ǡ௥௜௚ሺݐሻ, Eq. (2) can be written as
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We then introduce a dimensionless parameter ߢ: 
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(6) 
By substituting Eq. (6) into Eq. (5) and using an expression with respect to Tcf,out,rig(t) in Eq. (5), we obtain 
          , , , , ,, , 1out outcf out rig cf ou t tt BHE sol aT l t T l t e T t eN N  
(7) 
,QVXODWLRQ
3LSH
)OXLG
D E
F
%HORZJURXQGVXUIDFH
757ULJDGLDEDWLF
 Wonjun Choi and Ryozo Ooka /  Energy Procedia  78 ( 2015 )  1956 – 1961 1959
Eq. (7) describes the temperature change resulting from the disturbance effect in the outflow circuit. The 
dimensionless parameter ߢ should be distinguished in the outflow and inflow because the calculated value of ܴ௧௢௧ is
based on the starting node tmperature of the inflow and outflow circuits.
As stated above, the heat exchange in the TRT rig is neglected here. Consequently, the outlet node temperature of 
the TRT rig, Tcf,in,rig(t) is given by
   , , , ,cf in rig cf out rig rig cf cf cfT t T t Q c VU  (8) 
Using the same derivation process as for the outflow circuit, we obtain the following equation, which describes 
the temperature change in the inflow circuit: 
          , , , , ,, , 1in incf in BHE cf i t tn rig sol aT l t T l t e T t eN N  
(9) 
Using Eqs. (7)–(9) we can quantitatively estimate the disturbance heat rate in the hydraulic circuit. The 
temperature changes in the outflow and inflow circuit are estimated using Eq. (10): 
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The total temperature perturbation in the hydraulic circuit is estimated using Eq. (11):
     , , ,cf tot cf out cf inT t T t T t'   (11) 
3. The numerical BHE model
The numerical BHE model was developed in the FEFLOW [5] environment, which is based on the finite element
method. It is a fully discretized 3D model, which has a length of 50 m and a diameter of 165 mm, and considers 
conduction heat transfer only. The geometry and thermal properties of the model are displayed in Table 1. The 
thermal properties of the BHE components and the soil are isotropic, homogeneous, and constant (no temperature 
dependence). The computation domain has a volume of 15 × 15 × 80 m3 (length × width × depth). The size of the 
finite elements varies spatially in consideration of the temperature gradient. The smallest element size, 0.7 mm, is
used for the U-tube heat exchanger, where the steepest temperature gradient is expected. The element size gradually 
increases toward the lateral boundaries. The number of elements per slice is 7467. Vertically, the calculation model 
has 76 slices, with vertical distance between slices varying from 0.02 to 5 m to appropriately consider the different 
vertical temperature gradients. The finest discretization is made around the bottom of the BHE (around z = -50 m) to 
consider the steepest temperature gradient.  
The inside of the BHE and the rest of the soil have initial temperatures 17.9 °C and 17 °C, respectively. The
assignment of the initial temperature is based on the measurement. The top, bottom, and lateral boundary conditions 
are adiabatic. For the boundary condition of the BHE inlet, the Dirichlet boundary condition that considers the 
disturbance effect from the outdoor environment can be written in the following time discretized form:
         , , , , 1 ,cf in BHE i cf out BHE i rig i cf cf cf i cf tot iT t T t Q t c V t T tU  ' (12) 
The second and third terms on the right-hand side account for the temperature change resulting from the 
generated heat power in the TRT rig and the temperature perturbation in the above-ground hydraulic circuit, 
respectively. This boundary condition is based on Eqs. (7) and (10) and changes every timestep. The entire 
computation process in this section was implemented in C++, and incorporated into FEFLOW as a subroutine.  
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Table 1. Geometry and thermal properties used in the numerical model. 
Parameter [units] Circulating fluid U-tube and pipe on the ground Insulation Grout Soil
Thermal conductivity [W/(m∙K)] 0.6 0.36 0.04 1.43 1.86
Volumetric thermal capacity [MJ/(m3∙K)] 4.2 1.8 - 1.9 2.9
Inner diameter or diameter [mm] - 27 34 165 -
Outer diameter [mm] - 34 54 - -
4. Validation of the developed model
Model validation was conducted against experimental in situ TRT data. The TRT was conducted at the Chiba 
Experimental Station of the University of Tokyo in 2014. The hydraulic circuit, L, which connected the BHE and 
the TRT rig was 2.5 m. The heat injection started on May 15, 2014 at 22:00. The geometry of the BHE was as listed 
in Table 1. The BHE was grouted with Portland cement mixed with 20% silica sand. A 2 kW plug heater and a 0.36 
kW magnetic drive pump were used. The circulating flow rate was set to approximately 20 L/min. From the 
measured inlet and outlet temperatures of the BHE and the flow rate, the actual heat injection rate, including all the 
disturbance factors (voltage fluctuation and heat exchange with the outdoor environment) could be determined.
Using this measured heat rate, parameter estimation was conducted to obtain the thermal properties of the grout and 
the soil. The estimated thermal conductivity and volumetric heat capacity of the grout and the soil were 1.43 
W/(mήK) and 1.9 MJ/(m3ήK), and 1.86 W/(mήK) and 2.9 MJ/(m3ήK), respectively. However, the reliability of the 
volumetric heat capacities are much lower than that of the thermal conductivities because the sensitivity coefficient 
of the former is much lower than that of the latter [3]. A comparison between the experimental and numerical 
temperature responses is shown in Fig. 2. The absolute relative error Ԗrel is defined as the ratio of the absolute 
deviation between simulation and measurement temperatures and the simulated temperature. Except for the starting 
time, there is very good agreement between the two response curves.   
On obtaining the thermal properties of each component, validation of the developed disturbance model (Eqs. (6)–
(8)) was conducted. The validation required the ambient temperature, global irradiation, wind velocity, and the 
supplied watt for the heater and pump, without the disturbance from the outdoor environment. The supplied watt 
was indicated by a wattmeter installed in the TRT rig, and weather data were obtained from a weather station 
installed at the site, The ambient temperature, Tamb, wind velocity, vw, and global solar irradiation, Isol, are shown in 
Fig. 2(b). The ambient temperatures were measured for both the TRT apparatus and the weather station. However, 
only the temperature data measured from the TRT apparatus were used, owing to a sensor failure at the weather 
station. The parameters for the above-ground hydraulic circuit are listed in Table 1. The timestep for the numerical 
simulation was 6 min intervals and the measured watt values were regarded as 6 min averaged square pulses.  
Fig. 2. (a) Comparison between the measured and numerical temperature responses using actual heat injection rate; (b) Weather data during the 
TRT from the heat injection plotted at 6 min intervals, (starting May 15, 2014 at 22:00). 
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Fig. 3. Comparison between the measured and numerical temperature responses: (a) without disturbance model; (b) with disturbance model.  
The numerical simulation was first conducted using the measured heat rate from the wattmeter without the 
disturbance model applied. As can be seen in Fig. 3(a), the deviation between the experiment and the numerical 
simulation continuously increased over time. The error exhibits an oscillating behavior that reflects the diurnal cycle 
of the outdoor environment. Overall, the average fluid temperature from the numerical simulation is higher than the 
experimental temperature, signifying that heat loss from the circulating fluid to the outdoor environment was 
dominant during the TRT period.  
Using the same supplied watt values, the numerical simulation was again conducted, but this time with the 
disturbance model applied. This result is shown in Fig. 3(b). It is clear that the increasing trend in the error, which is
evident in Fig. 3(a), is nonexistent in this case and the agreement between the experiment and the numerical 
simulation is very good. The maximum difference and maximum relative error between the experiment and the 
simulation are approximately 0.2 K and less than 0.8%, respectively. This confirms that the developed model can 
appropriately reflect the actual disturbance effect in the above-ground hydraulic circuit. 
5. Conclusion
This paper reported on the development of an analytical model that considers the heat exchange in the hydraulic
circuit connecting the BHE to the TRT rig, and its incorporation into the numerical BHE model. The results of 
comparison of the integrated numerical BHE model against actual experimental in situ TRT data showed very good 
agreement. Using this model, a study of the effect of disturbance on the interpretation of TRT will be conducted.  
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